A seismic method (e.g., surface-or body-wave method) has been often used in pavement engineering to evaluate such critical constructional parameters as the E-modulus and Poisson's ratio. Conventional method usually uses one or two-channel recording device (e.g., dynamic signal analyzer) for data acquisition whose cost is by no means trivial. In addition, recent applications with the multichannel approach have drastically improved the effectiveness of the seismic method in general and proven a greater potential of the method than ever. A true multichannel approach, however, would require a multichannel recording device (e.g., a 48-channel seismograph) and so-many accelerometers deployed simultaneously. The high-cost aspect of seismic method would make this otherwise-effective method excluded from consideration during the early stage of project planning. Instead, we propose a cheap, compact, and convenient seismic system that can be used with either conventional or multichannel approach. This Portable Seismic Acquisition System (PSAS) consists of a laptop computer, one or two accelerometers, and a hammer. A 16-bit PC-card (PCMCI bus) readily available nowadays is equipped into the computer as a data acquisition board. With this system, the multichannel measurement is simulated through repetitive generation of seismic waves along a linear survey line at different distances from the receiver fixed at a surface point. Data can be processed directly in the field on the same portable computer, only seconds after data acquisition. In combination with the robust dispersion curve analysis by the multichannel approach, this system creates new possibilities for seismic non-destructive testing (NDT) of pavements with on site evaluation. Data acquisition flow chart, signal conditioning, triggering, and other key features of the system are explained. We also present a case of evaluating pavement concrete thickness, E-modulus, and Poisson's ratio directly in the field using the proposed system.
Introduction
Non-destructive testing (NDT) of civil engineering structures is useful in maintenance of old constructions and verification of material properties in new constructions. The determination of thickness and stiffness of concrete and asphalt layers are typical objectives. Seismic techniques are favored in determining in situ stiffness properties of materials (Stokoe and Santamarina, 2000) . The most widespread of these techniques are Spectral Analysis of Surface Waves (SASW) (Stokoe et al., 1994; Nazarian et al., 1999) and Impact Echo (IE). These techniques are routinely used and have proved useful in several fields of application.
In reflection seismic surveys, multichannel data acquisition and processing techniques are used. The main advantage with the multichannel approach is that different seismic events can be correctly identified and then handled properly (Yilmaz, 1987) . This is critical for an object with complex wave propagation. In construction-NDT there is a requirement for fast, flexible and economically efficient measurements with much higher spatial and temporal frequencies, which makes the hardware configuration normally used for ordinary multichannel approach impractical and expensive.
The objective with the system presented herein, is to preserve the advantages gained by multichannel method while reducing the complexity and cost of the data acquisition system. It was designed to be fast enough for on-site data evaluation and still cheap enough to be used in smaller project applications. The data processing is based on Multichannel Analysis of Surface Waves (MASW) (Park et al., 1999) and the data acquisition on Multichannel Simulation with One Receiver (MSOR) (Ryden et al., 2001) . In this paper we describe the hardware configuration used and we discuss some critical data acquisition parameters. We also present a case study where the thickness, dynamic Elastic modulus (E) and Poisson's ratio (ν) of a concrete pavement are measured and evaluated directly in the field.
Data Acquisition Method
In the MSOR data acquisition method a multichannel record is obtained with only one receiver. It is fixed at a surface point and receives signals from several hammer impacts at incremental offsets (Ryden et al., 2001 ). The measuring technique relies on the principle of source and receiver reciprocity. If the data acquisition can be triggered correctly with respect to the hammer impact, all recorded signals can be combined to a multichannel record for velocity calculations. A schematic description of the field set-up is shown in Figure 1 . 
Required Performance of the Data Acquisition System
To resolve properties of the uppermost part of pavement and concrete structures, traditional multichannel seismic equipment cannot be used. For example, it is necessary to generate and record seismic waves of much higher frequencies (>10 kHz) and smaller (<0.05 m) spatial intervals than in reflection seismic surveys. In addition, a true high frequency multichannel system with more than 30 channels will have both practical and economical disadvantages.
In order to perform fast, cost effective measurements the process should be automated to the highest possible degree. That calls for a laptop-based data acquisition-, storage-, conversion-, and processing system. The following paragraphs deals with the required performance of such a system, especially designed for effective MSOR measurements on asphalt or concrete.
Sample Rate and Dynamic Range
Dynamic range is the ratio between the maximum and minimum amplitude level that can be accurately resolved by the recording device (Sheriff, 1991) . Due to material damping and geometrical spreading the amplitude of seismic waves drops rapidly with offsets. In addition, surface waves are so strong that they would dominate over all types of body waves. Therefore, a high dynamic range (e.g., 24 bit) has been a critical requirement for the traditional seismic survey for near-surface investigation (Steeples and Miller, 1990 ) that targets recording of body waves (e.g., reflection) over a wide offset range (e.g., > 100 m). For the pavement applications, however, the strong surface waves are the primary signal and therefore a relatively low (e.g., 16 bit) dynamic range is acceptable. Instead, scale of the survey in the pavement case is micro in comparison to that for the near-surface investigation, indicating the seismic wavelengths be in the micro scale also. In addition, seismic velocities of the pavement material are much faster than in the normal near-surface materials. This combination of the spatial scale and the seismic velocity requires the very-high-frequency (e.g., 30 kHz) seismic waves to be used. In Analog to Digital-A/D conversion there is a trade-off between dynamic range and sample rate; the higher the sampling rate, the lower the dynamic range available. Therefore, an A/D converter with higher sample rate but less dynamic range could be chosen. In Figure 2 
Source and Receiver Characteristics
The main factor affecting the generated frequency content after an impact is usually the elastic properties of the media. In pavement surveys however, this is a given factor that leaves the source with the only controllable parameters. A high-frequency, broad-band source is necessary to resolve the uppermost properties of the pavement system. An impact source with low mass and small area of impact is expected to generate higher frequencies (Keiswetter and Steeples, 1995) than a large, heavy hammer.
To record the generated high frequencies a high frequency receiver is necessary. Piezoelectric accelerometers are usually used for high frequency measurements. Small accelerometers are available for measurements up to 50 kHz. However there is a trade-off between sensitivity and natural resonance frequency. Large and heavy accelerometers are more sensitive but have a lower natural resonance frequency. The accelerometer attachment, the coupling, is critical for the measured bandwidth. If the accelerometer is poorly attached to the structure, this introduces an additional compliance between the base and the structure (Mark and Torben, 1986 ). The lower practical frequency limit of the base/coupling/accelerometer system will thereby be lower than the natural frequency of the accelerometer itself. The coupling, then, behaves as a low-pass mechanical filter.
Our experience is that accelerometers for MSOR can be used at a larger frequency range than in measurements of acceleration, i.e. beyond there natural resonance frequency. This is because the level of the signal is not critical, just the relative phase at different offsets.
Triggering
The trigger accuracy is the most important requirement for successful MSOR measurements . Data acquisition from each stroke by the hammer must be synchronized at every impact to the moment of wave generation. With an impact sensor mounted on the hammer there are two main alternatives for a precise trigger system:
1. The impact signal from the hammer could be recorded with pre-triggering. This alternative requires a two channel recording device with an A/D converter running constantly and always keeping the latest samples in a buffer. When the signal from the impact sensor reaches a defined value, the specified number of samples before and after the trigger condition are recorded. After data acquisition all recorded traces can be time shifted and aligned according to the peak amplitude from the hammer signals or any other calculated event. Because both signals are digitized before triggering the trigger accuracy cannot be better than plus minus one sample interval. It may be cumbersome to shift the signals in steps less than one sample. 2. The alternative is to have an analog trigger system that starts data acquisition when the analog signal from the hammer reaches a specified level. This is usually done with a high bandwidth comparator circuit that gives the PC-card a binary logical condition (TTL) signal when the input signal reaches the specified level. Comparator circuits are available with response within a few nanoseconds. The A/D starts conversion when the comparator generates the "go" signal. With this alternative the trigger accuracy can be better than plus minus one sample interval, provided that the impact sensor signal reaches the pre-set level within less than one sample interval.
Hardware Configuration Used in the Data Acquisition System
The recording device used in this study is termed the Portable Seismic Acquisition System (PSAS). It consists of a portable computer equipped with a PC-card, source, receiver and external signal conditioning. A schematic description of hardware components and data flow is presented in Figure 3 . With the PSAS system the MSOR method is implemented efficiently, because data are streamed directly to the computer and all impacts can be generated with intervals only fractions of a second apart. For example, a 40-trace record (Figure 4a ) was acquired in five minutes. The PSAS system was developed at the Department of Geotechnology, Lund University, and is further described below. 
Signal Conditioning
Before the signal reaches the A/D converter inside the PC-card, signal conditioning is required. When using accelerometers there are basically two different alternatives. Using a high impedance accelerometer in combination with a charge amplifier or an active low impedance accelerometer. Low impedance accelerometers have a built-in amplifier that needs to be externally powered.
In this system a low impedance integrated circuit piezoelectric (ICP  ) accelerometer with a natural resonance frequency of 30 kHz has been used. ICP accelerometers are especially convenient for computer based data acquisition because some data acquisition cards have a built in ICP  supply, e.g. the 2-channel simultaneously sampling 14 bit, 300 kSa/s INES DAQi148, with pre-trig.
The risk of aliasing should be considered. It the frequencies of interest are less than half the sample rate this will take place and corrupt the recorded signals. For a system with much greater bandwidth than the highest occurring frequencies, there is no need for a steep, low-pass, anti-aliasing filter.
PC-card
Today most portable computers have slots for PC-cards (PCMCIA bus). In the last couple of years multifunction data acquisition cards, with sufficient dynamic range and sample rate for seismic NDT of asphalt and concrete structures, has become available. Compared to multichannel engineering instruments or seismographs these cards are cheap (<$1000), in 2001.
In the system presented herein a PC-card from Measurement Computing  has been used (PC-CARD-DAS-16/16-AO). This card has a single channel sample rate of 200 kSa/s with a 16-bit dynamic range. From Figure 2 it can be seen that this dynamic range is enough for MSOR measurements without any need to change the gain level. This means that there is no need for additional offset or time dependent amplification of the signal.
Data acquisition can be controlled from a wide range of computer languages. In the system described herein LabView  was chosen. A basic MSOR program consists of a loop with trigger set-up, data recording and data presentation for quality control. After the last impact offset is recorded, all individual traces are saved in the Kansas Geological Survey (KGS) seismic data format (SurfSeis manual, 2001) ready to be imported in the SurfSeis © (2001) software, especially made for MASW data processing.
Trigger Configuration
To meet the requirements for trigger accuracy in MSOR measurements a fast (5 nanoseconds accuracy) comparator circuit was chosen for the trigger system. This circuit delivers a digital signal for the trigger input channel on the PC-card. The threshold level where the trigger condition should occur, can be manually adjusted with a potentiometer. It should be noticed that this level is very critical for the trigger accuracy and may have to be fine adjusted between measurements. An impact sensor (accelerometer) is mounted on the back of the hammer to generate the trigger signal for the comparator circuit. The accelerometer used here should preferably be a high frequency shock accelerometer.
Another factor motivating this trigger configuration is that only one channel A/D conversion is necessary. As described in the previous paragraph the other alternative requires a two channel recording device and a post-processing algorithm where all traces are shifted to time zero. With the chosen trigger technique used herein there is no need for any trigger post processing (aligning).
Case Study
The presented PSAS data acquisition system was tested at the I-70 highway between Kansas City and Denver. At the specific site a completely new concrete pavement was constructed. The tested section had not yet been opened for traffic. MSOR measurements were conducted with the objective to evaluate the dynamic E-modulus, ν, and thickness of the concrete layer. In the field the true thickness of the concrete was measured to be 0.330 m. The upper base layer was stabilized with cement.
Layout
By following the MSOR method one accelerometer was located at zero offset. The PSAS was set to 200 kSa/s sample rate. While keeping the accelerometer in a fixed spot on the pavement surface, and by incrementing the distance of the impact points from 0.05 m to 2.0 m with 0.05 m separation, data were collected in a walkaway noise analysis format (Dobrin and Savit, 1988) with 40 ms recording time per impact.
Results
The resulting combined or simulated multichannel record, hereafter called the multichannel record, is presented in Figure 4a in offset-time domain. The main wave fronts seen in Figure 4a are low frequency (about 1 kHz) surface waves. In Figure 4b the record is transformed to the frequency-phase velocity domain by using the most current version of the MASW wavefield transformation method (Park et al. 1998; . The transformed image shows how the total seismic energy is distributed between different frequencies and phase velocities. The image of the processed data is actually three-dimensional and the black areas are energy peaks where a maximum can be extracted. The image in Figure 4b shows inverse velocity dispersion up to 32 kHz. The phase velocity is reaching 2200 m/s at frequencies above 7 kHz. In Figure 5a , the record is showed from 0 to 1.0 ms. The gain is increased so that the weak vertical component of the first arrival wave front is more visible. The linear first arrival velocity can be manually evaluated directly in this image. However a more robust and precise technique based on the semblance concept (Neidell and Taner, 1971 ) is to objectively analyze best fitting slope, see (b). In the automatic analysis, the best fitting linear velocity is 4140 m/s, this is interpreted as the compression wave V P velocity of the concrete layer. From simply observing the fastest surface wave V R -and V P -velocity the dynamic Emodulus and Poisson's ratio (ν) of the concrete layer can be calculated from the equations below. The bulk density is assumed to be 2400 kg/m 3 . To calculate ν from the V R and V P , equation (1) (Nazarian et al., 1999), and (2) are used.
( )
where α=(V P /V S ). From density (ρ) and the shear wave velocity (V S ), the dynamic shear modulus G can be determined by using
From G and ν the dynamic E modulus can be determined through
By using these equations the E-modulus is calculated to 34.0 GPa and ν to 0.22. These equations are all linked through elastic theory (Sheriff and Geldart, 1982) . To fully describe an isotropic linear elastic material only two individual material constants are required. Usually these constants are the E-modulus and ν. However, these constants could also be V P and V S velocity.
From the SASW test it is known that the wavelength where the highest phase velocities start to drop off in the dispersion curve usually correlates with the thickness of the high velocity top layer (Aouad, 1993) . From the cut-off frequency, 7 kHz (Figure 4b ), the corresponding wavelength (λ) is 0.314 m, as calculated from
This thickness is within 5% of the measured true thickness 0.330 m.
Discussion
The presented PSAS system has shown promising results for NDT of concrete pavements. Single sections can be evaluated directly in the field within a couple of minutes. The method also has the potential for complete 2D profiling along the pavement. This will however require an automated system, which is a future possibility.
In the case study presented only the top concrete layer has been evaluated. However, more information about the pavement construction can be obtained from the recorded multichannel record (Ryden et al., 2002b) .
Conclusion
The nature of the MSOR data acquisition technique in combination with the robust MASW data processing method is efficient for a computer based portable seismic acquisition system, PSAS. The PSAS has a much lower cost and less complexity than traditional instruments used for seismic surveys of civil engineering structures. In the presented case study, the dynamic E-modulus, ν, and thickness of a concrete pavement layer could be evaluated directly in the field within a couple of minutes.
